We investigated the temporal and spatial variability of nighttime temperatures in a complex of small valleys in the western Kanto Plain, Saitama Prefecture, Japan, by conducting horizontal and vertical temperature measurements throughout one winter season. The magnitude of nocturnal cooling in the valley was greater in March than during the mid-winter period. The horizontal distribution of mean nighttime temperatures and nocturnal cooling under clear and calm conditions indicated that temperatures in the middle or lower areas of the valleys tended to be lower than those in the upper areas even though the elevation differences were small. Vertical profiles of air temperature measured by a kytoon system on clear nights revealed the development of a temperature inversion above the valley floor at night; the top of the inversion exceeded the height of the ridge adjacent to the valley. Under these conditions, down-valley flows of cold air were a significant phenomenon below the inversion layer. Our results suggest that local nocturnal drainage flow below the temperature inversion could contribute to nocturnal cooling in these valleys.
Introduction
In recent decades, nocturnal cooling in basins or valleys has been investigated in numerous studies. Based on the results of these studies, nocturnal cooling in a basin or valley can be described as follows: (1) Under clear and calm conditions, air that is cooled by radiative cooling at ground level flows into the basin or valley from the surrounding mountain slopes, and its accumulation produces a strong inversion layer at lower elevations (Yoshino et al., 1981; Mori et al., 1983) .
(2) Formation of the inversion layer reduces downward longwave radiation toward the floor of the basin or valley, and promotes radiational cooling (Magono et al., 1982; Maki and Harimaya, 1988) . (3) The surrounding mountains block the ambient wind and enhance nocturnal cooling by decreasing turbulent exchange (Saito et al., 1966; Thompson, 1986) .
Most of these studies have been conducted in mountainous regions. For a small valley (here, defined as a valley of less than 10 km long and with a depth of approximately 50 m) located in a plains area, the processes that govern nocturnal cooling are likely to differ from those in a mountainous area. Instead, the valley may be affected by a ground-level inversion that formed in the plains area. Previous studies of small valleys in a plains area have reported that in situ cooling and a wind-sheltering effect were the dominant factors that governed nocturnal cooling, with flows of cold air playing a lesser role (Tanaka et al., 1983; Matsuoka et al., 1987) . However, there were insufficient temperature measurements in these studies. For example, horizontal temperature measurements were carried out at only one observation point in a valley (Matsuoka et al., 1987) , or vertical measurements were obtained at heights below approximately 30 m, which was lower than the top of the temperature inversion (Tanaka et al., 1983) .
Although the results of these studies have improved our understanding of nocturnal cooling in small valleys in plains areas, some aspects of this process remain unclear because of a lack of studies or insufficient detail in existing studies. In the present study, we provided some of the missing information by investigating the temporal and spatial variability of nighttime air temperatures in a complex of small valleys in the Kanto Plain region of Japan. In this research, we obtained horizontal and vertical temperature measurements in the valley throughout one winter season. Our goals were to clarify the interseasonal variability of nocturnal cooling and to provide a detailed description of the horizontal and vertical distribution of air temperatures in the valleys.
Study Site and Methods

Study site
The study area was located in the hilly Hiki region of Saitama Prefecture, Japan, where several gently sloping valleys stretch from east to west and from north to south (Fig. 1) . The three east-west valleys were designated as V1, V2, and V3, and the northsouth valley was designated as V4. The mean slope gradients in valleys V1, V2, V3, and V4 were approximately 1/110, 1/125, 1/125, and 1/200, respectively. The altitudes of the valley floor decreased from a maximum of 80 m above sea level (ASL) in valley V1 and 60 m ASL in valleys V2, V3, and V4, to a minimum altitude of 40, 40, 45, and 35 m ASL, respectively, with the minimum occurring where valleys V1 to V3 joined valley V4. The altitudes of the ridges surrounding the valleys ranged from 80 to 130 m ASL. Based on the difference in altitude between the ridges that separate the valleys and the bottoms of the valleys (Kondo and Kuwagata, 1984) , the mean depth of the valleys was approximately 50 m. The Hatoyama Automated Meteorological Data Acquisition System (AMeDAS) station, which is administered by the Japan Meteorological Agency (JMA), is located in the central area of the four valleys, near the point at which V1 joins V4. In the present study, meteorological data, including temperatures at a height of 1.5 m above ground level (AGL) and the wind speed and wind direction at a height of 6.5 m AGL, were obtained from this station.
Horizontal distribution measurements
To investigate the spatio-temporal characteristics of the nocturnal temperature variation in the valleys, we measured the air temperature at 2.5 m AGL with automatic-logging thermometers (3632, HIOKI E.E. Corp., Nagano, Japan) at 22 points (sites S01 to S22) in and around the valleys (Fig. 1) . The temperature was recorded at 10-min intervals from 11 December 2007 to 31 March 2008. Sensors were kept in naturally ventilated radiation shelters to prevent them from being affected by solar radiation and rainfall. To clarify the characteristic features of the vertical profile of air temperature near the ground, measurements were conducted at multiple heights from six disaster-prevention administrative radio towers managed by the Hatoyama Town Office (sites T01, T02, T03, T04, T05, and T06 in Fig. 1 ). On each tower, we attached automaticlogging thermometers (RTR-52, T＆D Corp., Nagano, Japan) at heights of 2.5, 5.0, 7.5, and 10.0 m AGL.
Vertical profile measurements
Vertical temperature profiles, wind speeds, and wind directions were measured with a kytoon system (a A kytoon is an aerodynamic helium-filled balloon that is tethered to a winch on the ground. Instead of being blown downwind, the balloon's shape allows it to soar upward like a kite and remain above the same position on the ground. Here, the tethered kytoon was allowed to rise up to 200 m AGL, and thermometers (3632, HIOKI E.E. Corp., Nagano, Japan) were attached to the tether at 2.5-m intervals from ground level to a height of 10 m, at 5-m intervals from 10 to 50 m, at 10-m intervals from 50 to 100 m, and at 20-m intervals at heights above 100 m, for a total of 22 measurement points. Wind speed and direction were measured at heights of 2.5 and 200 m AGL with sondes equipped with anemometers. All of the data were recorded at 10-s intervals, and 10-min average values were used for the analysis. The thermometers were calibrated before use, and fluctuation in kytoon height was periodically corrected with data from a pressure sensor at 200 m AGL.
Vertical temperature profiles up to 10 m were also obtained at sites T01, T02, T03, and T04 to investigate the potential temperature structure near the ground along valley V1 (Section 3.3). The potential temperature, θ (K), is given by the following equation from Kondo (2000) :
where z is the height above the standard ground surface (m), T is the temperature (K) at height z (m), and Γ d is the dry adiabatic lapse rate (＝0.00976 K m -1 ). The present study defined the ground surface at one valley site (S17, near the point at which V1 joins V4) as the standard level.
Calculation of nocturnal cooling
The magnitude of the nocturnal cooling (T noc ) at each point of measurement was calculated as follows:
where T eve represents the evening air temperature, recorded 30 min before sunset (Kondo and Mori, 1982) , and T min represents the minimum air temperature recorded during the night and morning hours. In the present study, we defined a day as the period from 12:00 (noon) on one day until 12:00 on the following day, using Japan Standard Time (JST). Figure 2 shows the interseasonal variability of T eve , T min , and T noc at site S17 and on the mountain ridge (S22). We chose S17 as a representative point for the valley sites because it was located at the center of the bottom of the valley. The altitudes at S17 and S22 were 43 and 119 m ASL, respectively, and the elevation difference between these stations was thus 76 m. Nighttime weather conditions reported by the Kumagaya Local Meteorological Observatory of the JMA, which is located approximately 20 km from our study site, are also shown in Fig. 2 . The total number of clear, cloudy, and rainy days were 70, 20, and 22, respectively.
Results and Discussion
Interseasonal variability of nocturnal cooling
Strong nocturnal cooling occurred on clear days, and weak nocturnal cooling occurred on rainy days at the valley and ridge sites. Mean nocturnal cooling values from 11 December 2007 to 31 March 2008 at sites S17 and S22 were 11.5 and 7.2℃, respectively, on clear days, 8.6 and 6.1℃ on cloudy days, and 5.0 and 4.0℃ Fig. 2 . Interseasonal changes in the evening temperature (T eve ), daily minimum temperature (T min ), and nocturnal cooling (T noc ＝T eve -T min ) at sites S17 (valley bottom) and S22 (mountain peak). Site locations are shown in Fig. 1 on rainy days. On clear days, we observed that T eve at S17 (mean＝8.2℃) was slightly higher than that at S22 (7.4℃), and T min at S17 (-3.3℃) was lower than that at S22 (0.2℃). In contrast, on rainy days, both T eve and T min at S17 (means＝7.8 and 2.8℃, respectively) were higher than and similar to, respectively, those at S22 (6.9 and 2.9℃, respectively). Iijima and Shinoda (2004) reported that mean nocturnal cooling in the western part of the Kanto Plain in August was approximately 6 to 7℃. They investigated atmospheric conditions that produced summertime nocturnal cooling in high mountain areas of central Japan, and determined the distribution of nocturnal cooling over Eastern Japan. Based on our results, the mean magnitude of nocturnal cooling in winter can reach up to twice that in summer, although differences between the present study area and those of Iijima and Shinoda (2004) make a direct comparison difficult.
Some days with strong nocturnal cooling occurred under rainy or cloudy weather conditions. In these cases, strong nocturnal cooling occurred late at night, when the weather changed from rainy or cloudy to clear. Furthermore, little nocturnal cooling occurred even in clear weather when certain conditions occurred. In these cases, the strong winter monsoon winds that occur at night inhibited the development of an inversion layer, and this suppressed nocturnal cooling. This hypothesis is supported by the relationship between T noc and nighttime mean wind speed during clear weather observed from 18:00 to 06:00 JST at the Hatoyama AMeDAS station (Fig. 3) .
At the beginning of spring, and particularly in March, the magnitude of T noc on clear days was larger than that during the mid-winter period (from December to mid-February). The maximum T noc at S17 reached 16.9℃ on 22 March 2008. The magnitude of T noc is generally controlled by net radiation at the ground surface (Geiger et al., 2009) . However, further studies are required to confirm the relationship between net radiation and nocturnal cooling through direct measurement of net radiation.
Although the absolute values of nocturnal cooling differed among the measurement points, the interseasonal variability of nocturnal cooling at other sites during the observation period was similar to that at S17 (data not shown). Figure 4 shows the horizontal distribution of the mean T eve , T min , and T noc on clear and calm nights (the dates indicated by the arrows in Fig. 2 ). In this analysis, a "clear" night was defined based on the description recorded at the Kumagaya Local Meteorological Observatory, and included nights described as "clear" or "fine." A "calm" night was defined as one during which the mean wind speed from 18:00 to 06:00 JST at the Hatoyama AMeDAS was lower than 1.0 m s -1 . Nights that satisfied both conditions were defined as "clear and calm" nights. A total of 21 nights met these criteria, from a total of 112 observation nights.
Horizontal pattern of nocturnal cooling under clear and calm atmospheric conditions
High evening temperatures (9.0℃ ≤ T eve ＜10.0℃) were found in the middle or lower areas of the valleys (Fig. 4a) , and low evening temperatures (T eve ＜ 8.0℃) were found at T03 and T04 in valley V1 and at S07 in valley V2. The other locations had temperatures in the range from 8.0 to 9.0℃.
Nighttime minimum temperatures in the valley areas ranged from -2 to -5℃ and were 2 to 5℃ lower than those recorded in the ridge areas (Fig. 4b) . Very low temperatures (-5.0℃＜T min ≤ -4.0℃) were found at sites S01 and T01 in valley V1, at T05 in V2, and at S08 and S09 in V3. With the exception of S08, all these points were in low-lying areas, where the gradient was moderate. S08 was at the confluence of two The strongest nocturnal cooling (13.0 ℃ ≤ T noc ＜ 14.0℃) was observed at sites S01 and T01 in valley V1, at S08 and S09 in V3, and at S15, S17, S18, S19, and S20 in V4. These points were in the lower area of each valley or at the confluence between two valleys. T noc at sites in the upper areas of each valley ranged from 10.0 to 13.0℃ and was smaller than the cooling at the lowest sites. T noc at the mountain ridge site (S22) was 8.0 to 9.0℃, which was at least 2℃ lower than those in the valleys (Fig. 4c) . If in situ radiative cooling dominates the nocturnal cycle in the valley, the temperature decrease from the evening to early morning in the upper and lower areas should be nearly equivalent at all sites within a valley (Tanaka et al., 1983) . Our results indicate that the nocturnal cooling at the middle or lower sites in the valley tended to be larger than that at the upper sites, suggesting that the occurrence of downhill flows of cold air and their accumulation act in addition to in situ radiative cooling and are important for nocturnal cooling in this area, even though the elevation differences that would drive these flows were small between the upper and the lower sites. 3.3 Surface wind characteristics, air temperature profiles, and potential temperature structures Figure 5 shows the wind speeds and directions measured at the Hatoyama AMeDAS station, and Figs 6a, b and 7a, b show the resulting profiles of air temperature as a function of height at site S17 on the nights of 29 February and 7 March 2008, respectively.
On the night of 29 February, the conditions were clear and calm throughout the night, with a wind speed of ≤ 1 m s -1 (Fig. 5) . The wind did not persist but frequently discontinued during the night, showing intermittent characteristics. During this period, the top of the temperature inversion had already reached 100 m AGL at 21:00 JST (Fig. 6a) , and this height remained constant throughout the night (Fig. 6b) . The temperature difference between the top of the inversion and the bottom of the valley was approximately 7℃ at 21:00 JST, but had increased to 10℃ by 05:00 JST (Fig. 6b) . In comparison with the results from a previous study in which vertical temperature measurements were conducted in a nearby plains area in Saitama Prefecture (Tohsha, 1953; Akita, 1955) , the height of the inversion in a valley coincided with the height of the ground inversion in the plains area; the temperature difference for the inversion in the valley was approximately 2℃ larger than that of the ground inversion in the plains area. Figures 6c and 6d show the potential temperature structures along the V1 valley at 21:00 and 05:00 JST during the same observation night. Isothermal lines for potential temperature were linearly interpolated based on the potential temperatures calculated by using Eq.
(1). At 21:00 JST, the near-surface isothermal lines for potential temperature (276 and 277 K) could be drawn parallel to the valley slope (Fig. 6c) . On the following morning (Fig. 6d) , the isothermal lines for potential temperature (270 and 271 K) intersected the valley slope in the middle and lower areas of the valley (from S02 to S17). The higher isothermal lines (272 and 273 K) could be drawn parallel to the valley slope in the upper areas of the valley, but changed to horizontal lines in the middle and lower areas of the valley. The wind direction in the valley measured at the Hatoyama AMeDAS station ranged between north and west during the night, which corresponded to the orientations of valleys V4 and V1 (Fig. 5) . Because the station is located at the point at which V1 joins V4, the area could have been affected by the down-valley flows of cold air from V1 and V4. On the night of 7 March strong winds of 3 to 6 m s -1
were recorded at the Hatoyama AMeDAS station until 21:00 JST, which then decreased to ≤ 1 m s -1 (with slight fluctuation) thereafter (Fig. 5) . The nocturnal wind also blew intermittently during the night. At 21:00 JST, a weak temperature inversion, with a temperature difference of approximately 1℃ between the surface and a height of 20 m, formed at S17 (Fig. 7a) . However, at 05:00 JST, the top of the temperature inversion reached approximately 120 to 140 m above the ground surface, and the temperature difference between the top of the inversion and the ground surface was approximately 9 ℃ (Fig. 7b) . Within the valley, the potential temperature was nearly homogeneous both horizontally and vertically at 21:00 JST (Fig. 7c) . However, at 05:00 JST on the following morning, isothermal lines for potential temperature (269 and 270 K) intersected the valley slope (Fig. 7d) . ranged between north and northwest during the night, which was similar to the wind direction on the night of 29 February (Fig. 5) .
Wind measurements recorded at the Hatoyama AMeDAS station indicate that a cold air current flowed from the upper to the lower areas of the valley. Note that the cold air current occurred below the temperature inversion level. Mori and Kobayashi (1996) conducted meteorological observations on the slopes of an intermountain basin in Western Japan and found that two types of nocturnal drainage wind (NDW) developed on the same slope. In their study, the NDW that contributed to the development of a pool of cold air and that flowed down into the surface layer of the pool was defined as a NDW I type, whereas the NDW that periodically occurred below the pool of cold air was defined as a NDW II type. In the present study, the cold air flow was observed below the temperature inversion level, so the cold air current can be classified as a NDW II type. The Kanto Plain is a region with a number of small valleys distributed around its margin. Furthermore, it is known that a large-scale ground inversion forms above the Kanto Plain on clear and calm winter nights (Kondo, 1995; Ueda et al., 2011) . Therefore, it is possible that the NDW II type promotes nocturnal cooling in these valleys. As a future subject of study, the temporal and spatial characteristics of these flows and their relationships with the development of temperature inversions should be confirmed in the valleys around the Kanto Plain.
